As part of the Children's Total Exposure to Persistent Pesticides and Other Persistent Organic Pollutants (CTEPP) study, we investigated the exposures of preschool children to chlorpyrifos and its degradation product 3,5,6-trichloro-2-pyridinol (TCP) in their everyday environments. During this study, the participants were still able to purchase and apply chlorpyrifos at their homes or day care centers. Participants were recruited randomly from 129 homes and 13 day care centers in six North Carolina counties. Monitoring was performed over a 48-h period at the children's homes and/or day care centers. Samples that were collected included duplicate plate, indoor and outdoor air, urine, indoor floor dust, play area soil, transferable residues (PUF roller), and surface wipes (hand, food preparation, and hard floor). The samples were extracted and analyzed by gas chromatography/mass spectrometry. Chlorpyrifos was detected in 100% of the indoor air and indoor floor dust samples from homes and day care centers. TCP was detected at homes and day care centers in 100% of the indoor floor dust and hard floor surface wipe, in 497% of the solid food, and in 495% of the indoor air samples. Generally, median levels of chlorpyrifos were higher than those of TCP in all media, except for solid food samples. For these samples, the median TCP concentrations were 12 and 29 times higher than the chlorpyrifos concentrations at homes and day care centers, respectively. The median urinary TCP concentration for the preschool children was 5.3 ng/ml and the maximum value was 104 ng/ml. The median potential aggregate absorbed dose (ng/kg/ day) of chlorpyrifos for these preschool children was estimated to be 3 ng/kg/day. The primary route of exposure to chlorpyrifos was through dietary intake, followed by inhalation. The median potential aggregate absorbed dose of TCP for these children was estimated to be 38 ng/kg/day, and dietary intake was the primary route of exposure. The median excreted amount of urinary TCP for these children was estimated to be 117 ng/kg/day. A full regression model of the relationships among chlorpyrifos and TCP for the children in the home group explained 23% of the variability of the urinary TCP concentrations by the three routes of exposure (inhalation, ingestion, dermal absorption) to chlorpyrifos and TCP. However, a final reduced model via step-wise regression retained only chlorpyrifos through the inhalation route and explained 22% of the variability of TCP in the children's urine. The estimated potential aggregate absorbed doses of chlorpyrifos through the inhalation route were low (median value, 0.8 ng/kg/day) and could not explain most of the excreted amounts of urinary TCP. This suggested that there were other possible sources and pathways of exposure that contributed to the estimated potential aggregate absorbed doses of these children to chlorpyrifos and TCP. One possible pathway of exposure that was not accounted for fully is through the children's potential contacts with contaminated surfaces at homes and day care centers. In addition, other pesticides such as chlorpyrifos-methyl may have also contributed to the levels of TCP in the urine. Future studies should include additional surface measurements in their estimation of potential absorbed doses of preschool children to environmental pollutants. In conclusion, the results showed that the preschool children were exposed to chlorpyrifos and TCP from several sources, through several pathways and routes.
Introduction
Children are not miniature adults. They may have greater exposures to pollutants than do adults, and they may be more susceptible to the effects of these exposures. They have different activity patterns (e.g., crawling), are closer to the ground (Bearer, 1995; Landrigan et al., 1999; O'Rourke et al., 2000) , and consume more food and water per kilogram body weight than adults (Bearer, 1995; Landrigan et al., 1999) . In addition, children may be more vulnerable to exposures to pollutants because of their higher ventilation and metabolic rates, rapid physical development, greater surface-to-volume ratios, and immature organ systems (Bearer, 1995; Landrigan et al., 1999; Needham and Sexton, 2000; O'Rourke et al., 2000) .
Chlorpyrifos [O,O-diethyl-O-3,5,6 -trichloro-2-pyridyl phosphorothioate] is a broad-spectrum organophosphorus insecticide (Tomlin, 1994; Hines and Deddens, 2001) . It has been widely used on agricultural crops, in and around buildings (e.g., schools, day care centers, homes), and on pets for the control of insect pests (Davis and Ahmed, 1998; USEPA, 2000a; Hines and Deddens, 2001; USEPA, 2003) . In 2000, the US Environmental Protection Agency (USEPA) restricted the use of chlorpyrifos for almost all residential uses and for other similar uses where children might come in contact with chlorpyrifos residues such as schools, parks, and day care centers (USEPA, 1997; USEPA, 2000a; Rigas et al., 2001) . Retailers stopped selling commercial formulations of chlorpyrifos for the above uses at the end of 2001 (USEPA, 2000a) .
In the environment, chlorpyrifos is degraded into 3,5,6-trichloro-2-pyridinol (TCP) and an alkyl phosphate moiety (Racke, 1993; Adgate et al., 2001) . TCP is also the degradation product of two other pesticides, chlorpyrifosmethyl and triclopyr (Adgate et al., 2001) . Chlorpyrifosmethyl is still used as a broad-spectrum organophosphate, mainly applied into empty storage bins and directly on grain to control for insect pests during storage (USEPA, 2000b; Adgate et al., 2001) . Triclopyr is still used as a systemic herbicide, primarily to control weeds in such places as pastures, industrial areas, and right-of-ways (Ting and Lee, 1995; USDA, 2004) . Therefore, in residential and day care settings, the major source of TCP has likely been from interior and exterior applications of products containing chlorpyrifos.
Several studies have been conducted that have detected chlorpyrifos in several media including air, dust, food, and hand wipe samples at preschool children's homes or day care centers (Lioy et al., 2000; Curl et al., 2002; Fenske et al., 2002; Clayton et al., 2003; Sexton et al., 2003; Wilson et al., 2003) . Very little data exist on the levels of TCP in environmental media at homes or day care centers. Wilson et al. (2003) conducted a study that detected measurable amounts of both chlorpyrifos and TCP in indoor floor dust, solid food, and liquid food samples at the homes and day care centers of nine preschool children. Therefore, children could be potentially exposed to chlorpyrifos and its degradation product, TCP, in their everyday surroundings.
In humans, chlorpyrifos undergoes oxidative desulfuration by enzymes in the liver to form the toxic intermediate product, chlorpyrifos(-methyl)-oxon (Nolan et al., 1984; Hines and Deddens, 2001; Koch and Angerer, 2001 ). This oxon is quickly hydrolyzed (detoxified) mainly to TCP and a few other minor products including diethylphosphate, and diethylthiophosphate (Nolan et al., 1984; Hines and Deddens, 2001; Koch and Angerer, 2001) . TCP is eliminated primarily in urine as TCP-glucuronide with an average elimination half-life of about 27 h (Nolan et al., 1984; Koch and Angerer, 2001) .
TCP has been commonly used as a specific urinary biomarker of exposure to chlorpyrifos. Since TCP has been found in several media, it may not be a useful urinary biomarker of exposure for children or adults who are exposed to chlorpyrifos in their everyday environments. No data currently exist on the absorption, metabolism, or elimination of TCP in humans or animals.
In this work, we quantified the distributions of chlorpyrifos and TCP in multiple media at a large set of preschool children's homes and day care centers, we identified the important sources and routes of exposure, we estimated the children's aggregate potential doses of chlorpyrifos and TCP, and we measured the children's excreted amounts of urinary TCP.
Methods

Selection of Participants
The research project, ''Children's Total Exposure to Persistent Pesticides and Other Persistent Organic Pollutants'' (CTEPP), was a pilot-scale study that examined the exposures of 257 preschool children to over 50 pollutants commonly found in their everyday environments. A detailed description of the study design and sampling methodology can be found in Wilson et al. (2004) .
For this paper, we investigated the exposures of 129 preschool children to chlorpyrifos and TCP in multiple media collected at their homes and/or day care centers in North Carolina. During the time of this study, the participants were still able to purchase and apply chlorpyrifos at their homes or day care centers. Participants were recruited from two groups: households that had children who attend day care and households that had children who did not attend day care. Home group participants were recruited by list-assisted telephone screening and selected randomly; day care group participants were from randomly selected child day care centers in six North Carolina counties. Children from day care centers were eligible if they were between the ages of 18 months to 5 years, toilet-trained, and not breast-fed. In addition, the day care children had to attend a licensed day care, serving seven or more children, at least 25 h per week for a minimum of 3 consecutive days. Children in the home group were eligible if they were between the ages of 18 months to 5 years, toilet-trained, not breast-fed, and not attending day care. Both the child and their primary adult caregiver, usually a parent, participated in the study.
Recruitment of participants from homes and day care centers began in February 2000 and ended in February 2001. We successfully recruited a total of 129 preschool children and their adult caregivers. The mean and median ages of the children were both 3.9 years, and the range was between 20 months and 5.5 years.
Field Sampling
Field sampling occurred from July 2000 through March 2001. Participants who stayed at home (home group) during the day had multimedia samples collected over a 48-h period at their homes. Participants who attended day care during the day (day care group) had multimedia samples collected simultaneously over a 48-h period at both their homes and day care centers. Multimedia samples were collected at a total of 129 homes and 13 day care centers.
Samples collected by field staff at homes and day care centers included soil, indoor air, outdoor air, and indoor floor dust. Adult caregivers collected duplicate diets, dermal (hand) wipes, and multiple spot urine samples for their child while at home. Teachers collected these samples for children while at day care. If a pesticide(s) was applied within the previous 7 days or during the 48-h monitoring period, inside or outside the home or day care center, additional samples were collected. These consisted of transferable residues from floors, hard floor surface wipes, and food preparation surface wipes. The above samples were collected using methods described in detail in the recent publication by Wilson et al. (2004) .
Sample Analysis
Chlorpyrifos was analyzed in soil, dust, outdoor air, indoor air, liquid food, solid food, hand wipes, and in samples corresponding to recent pesticide applications (transferable residues, hard floor surface wipes, and food preparation surface wipes). TCP was analyzed in the same media, except for samples associated with recent pesticide applications. In addition, TCP was analyzed in all of the urine samples.
Since chlorpyrifos and TCP were neutral and acidic pollutants, respectively, they were extracted separately from each medium using different methods. The surrogate recovery standard (SRS) for chlorpyrifos was p,p 0 -DDE-d 4 , and the internal standard (IS) was diazinon-d 10 . No SRS was used for the analysis of TCP in the samples. The internal standard for TCP was 3,5,6-trichloro-2-pyridinol-C 13 -N 15 . Matrix spikes were used for both chlorpyrifos and TCP in all media. Aliquots were taken from each sample and used to determine analytes of interest by both methods.
Soil samples were mixed before aliquots were taken and analyzed. Chlorpyrifos method: Soil samples (B2 g) were spiked with 20 ng of the SRS (typical spiking level) and sonicated for 15 min with 10 ml of 10% diethyl ether in hexane twice. The extracts were concentrated by KD evaporation, followed by Florisil clean-up with 12 ml of 15% ethyl ether in hexane and 6 ml of DCM, if needed. The extracts were concentrated again, the final volume was adjusted to 1 ml with hexane, spiked with 10 ml of IS, and transferred to a GC vial. TCP method: Soil samples (B5 g) were mixed with 2 g of Extrelute (EM Science), and extracted at 1201C under 2000 psi for three, 10-min cycles using accelerated solvent extraction (ASE) with acetone. The extracts were concentrated by KD evaporation, the final volume was adjusted to 2 ml with acetone, and 10 ml of the IS was added. Next, the extracts were split into two portions
. Portion II (TCP) was derivatized with 100 ml of N-(tert-butyldimethylsilyl)-Nmethyltrifluoro-acetamide (MTBSTFA) at 701C for 1h and then transferred to a GC vial. The vials were placed in an oven (B701C) for 1 h and then transferred into a r-101C freezer.
Indoor floor dust samples were separated into fine and coarse particles. Only the fine dust particles, those with diameters less than 150 mm, were analyzed. Chlorpyrifos method: Dust samples (B0.5 g) were spiked with 50 ng of the SRS, and sonicated for 15 min with 10 ml of 10% diethyl ether in hexane twice. The extracts were concentrated by KD evaporation, followed by Florisil clean-up with 12 ml of 15% ethyl ether in hexane and 6 ml of DCM. The extracts were concentrated again, the final volume was adjusted to 1 ml with hexane, spiked with 10 ml of IS, and transferred to a GC vial. TCP method: Dust samples (B0.5 g) were mixed with 10 g of sand in a vial, and extracted at 1201C under 2000 psi for three, 10-min cycles using accelerated solvent extraction (ASE) with acetone. The extracts were concentrated by KD evaporation, the final volume adjusted to 2 ml with acetone, and 10 ml of the IS added. The extracts were split into two portions (I and II), derivatized, and stored in a r-101C freezer as described above in the soil sample section.
Indoor and outdoor air samples were extracted separately using the same method. Chlorpyrifos method: The filter/ XAD-2 air samples were spiked with 50 ng of the SRS and extracted with 80 ml of DCM by the Soxhlet technique (B14 h). The extracts were concentrated by KD evaporation, the volume adjusted to 1 ml with hexane, and 10 ml of the IS added. Additional SPE clean-up steps were required for indoor air samples only. The extracts were subjected to Florisil clean up as described in the indoor floor dust section. The extracts were concentrated again, adjusted to 1 ml with hexane, and transferred to a GC vial. TCP method: The filter/XAD-2 air samples were extracted with 80 ml of acetonitrile (ACN) by the Soxhlet technique (B14 h). The extracts were concentrated by KD evaporation, adjusted to 2 ml with ACN, and 10 ml of the IS added. Then the extracts were split into two portions (I and II), derivatized, and stored in a r-101C freezer as described above in the soil sample section.
Solid food samples were homogenized with approximately equal amounts of dry ice using a food chopper and stored in clean containers for subsequent process. Chlorpyrifos method: Solid food samples (B12 g) were mixed with 2 g of Extrelute in vials and spiked with 50 ng of the SRS. The samples were extracted at 1001C under 2000 psi for two 5-min cycles using ASE in DCM. They were dried with sodium sulfate, concentrated by KD evaporation, and fractionated by gel permeation chromatography (GPC) with DCM. The extracts were solvent-exchanged into ACN, followed by ENVI-Carb clean up with 48 ml of ACN. Lastly, they were concentrated again to 1 ml and transferred to GC vials. TCP method: The solid food samples (B8 g) were homogenized with 4 g of Extrelute, then extracted at 1101C under 2000 psi for two 5-min cycles using ASE in methanol. The mixtures were concentrated by KD evaporation, extracted with 15 ml of MilliQ water, and adjusted to a pH412 with 40% KOH. Next, they were extracted three times with 20 ml of hexane and the hexane was discarded. The aqueous layers were acidified to a pHo2 with concentrated HCL, extracted with 20 ml of DCM three times, and dried with sodium sulfate. They were concentrated with KD evaporation and the IS added. Then, the extracts were split into two portions (I & II), derivatized, and stored in glass vials in a rÀ101C freezer as described above in the soil sample section.
The liquid food samples were shaken before aliquots were taken from the container. Chlorpyrifos method: Liquid food (30 ml) samples were spiked with 50 ng of the SRS and refluxed for about 1.5 h in 60 ml of DCM. The aqueous layer was filtered, extracted twice with 20 ml of DCM, dried with sodium sulfate, filtered again, and concentrated by KD evaporation. Next, the extracts were filtered on a micron acrodisc PTFE filter, followed by GPC clean-up with DCM. The extracts were concentrated again to about 1 ml, the IS added, and transferred to GC vials for analysis. TCP method: Clear and nonclear liquid food samples were analyzed separately. For nonclear liquids, the samples (10 ml) were mixed with B4 g of Extrelute and extracted at 1101C under 2000 psi for two, 5-min cycles using ASE in methanol. The extract was concentrated by KD evaporation to about 10 ml for liquid-liquid partitioning as described below for the clean liquid foods. For clear liquids, the samples (10 ml) underwent liquid-liquid portioning with 10 ml of MilliQ water, then were filtered through a quartz filter and adjusted to a pH412 with 40% KOH. They were extracted three times with 20 ml of hexane (discarded) and acidified to a pHo2 with concentrated HCl, extracted with hexane again, dried with sodium sulfate, and concentrated by KD evaporation. Then, the extracts were split into two portions (I & II), derivatized, and, stored in a rÀ101C freezer as described above in the soil sample section.
The following extraction procedures were performed on the dermal wipes. Chlorpyrifos method: The wipes were spiked with 20 ng of the SRS and extracted with 300 ml of DCM by the Soxhlet technique (B14 h). The extracts were filtered on quartz fiber filter, concentrated by KD evaporation, and Florisil SPE clean-up with 18 ml of 15% ethyl ether in hexane, if neeeded. Finally, they were concentrated again, the volume adjusted to 1 ml with hexane, and transferred to GC vials. TCP method: The wipes were extracted at 1201C under 2000 psi for three, 5-min cycles using ASE in ACN, concentrated by KD evaporation, and the IS added. Then, the extracts were split into two portions (I & II), derivatized, and stored in a rÀ101C freezer as described above in the soil sample section. To reduce analytical costs, children in the day care group were randomly assigned into two equal groups.
Half of these children had their hand wipe samples analyzed for only chlorpyrifos at their homes and day care centers. The other group had their hand wipes analyzed for only TCP at both locations.
In all, 18 participants indicated that they had applied pesticides at their homes within the 7 days prior to field sampling. Therefore, additional samples (transferable residues, hard floor surface wipes, and food preparation surface wipes) were collected at these locations. Only chlorpyrifos was analyzed in these samples since only neutral pesticides were applied at these homes. Chlorpyrifos method: The transferable residue (PUF) samples were spiked with 20 ng of the SRS and extracted with 300 ml of 10% ethyl ether in hexane by the Soxhlet technique (B14 h). The extracts were concentrated and the volume adjusted to 1 ml with hexane. Then, Florisil SPE clean-up with 18 ml of 15% ethyl ether in hexane. Lastly, they were concentrated again, the volume adjusted to 1 ml with hexane, and transferred to GC vials. Food preparation surface wipes and hard floor surface wipes were extracted by the same method. The surface wipes were spiked with 20 ng of the SRS and extracted with 300 ml of DCM by the Soxhlet technique (B14 h). The extracts were filtered on quartz fiber filter, concentrated by KD evaporation, and Florisil SPE clean-up with 18 ml of 15% ethyl ether in hexane. Finally, they were concentrated again, the volume adjusted to 1 ml with hexane, and transferred to GC vials.
Spot urine samples were pooled over the 48-h period into one sample for each participant in the home group. For the day care group, spot urine samples were pooled separately for each participant at home and at day care, respectively, over the 48-h period. At homes that had recent pesticide applications, the children's urine samples were not pooled and were analyzed as individual samples. TCP method: Urine samples (1 ml) were hydrolyzed with 100 ml of concentrated hydrochloric acid in a silylated reaction vial and heated (B801C) in an oven for 1 h. Then, 1 ml of a 20% aqueous solution of NaCl and 1 ml of chlorobutane were added to the vials. The vials were spiked with 10 ml of the IS, then vortexed and centrifuged. About 800 ml of chlorobutane and 0.5 g of sodium sulfate anhydride was added to the vials. Lastly, the extracts were deriviatized with 100 ml of MTBSTFA and transferred to silylated GC vials. Pooled urine samples were analyzed for creatinine (Clinical Laboratories, Columbus OH, USA). Nonpooled samples were not analyzed for creatinine, because the volume of urine was usually insufficient to allow analyses in addition to that for TCP.
All extracts were stored in freezers at rÀ101C until analysis. Samples were analyzed by a gas chromatograph/ mass selective detector (GC/MSD; Hewlett-Packard 6890/ 5973A) in the selected ion monitoring (SIM) mode, equipped with an autosampler. Separation was performed using a DB-5 60mÂ 0.32 mm id-fused silica column coated with nonpolar 5% phenyl methylsilicone stationary phase, and helium as the carrier gas. The initial GC temperature was set at 701C for 2 min, then to 1501C at 151C/min, then to 2901C at 61C/min, and the final temperature of 2901C was held for 28 min for chlorpyrifos analysis. The temperature program for TCP analysis was at 90-2901C at 81C/min. Sample extracts that exceeded the upper limits of the calibration curves were diluted and rerun on the GC/MSD.
The method quantifiable limit (MQL) was defined as the minimum concentration at which a chemical can be quantitatively measured in a sample with acceptable accuracy and precision. MQLs were estimated based on the lowest calibration standard (2 ng/ml) with a signal-to-noise ratio above 2-3. The estimated instrument detection limit was about 
Quality Assurance/Quality Control
Quality control (QC) samples were used to assess the overall quality of sample collection, extraction, and analysis. Field blanks were collected for wipes, dust/soil, liquid food, solid food, air, and urine samples. The blanks were below the detection limits except for a few air samples that were slightly contaminated with chlorpyrifos (one of 12 samples; 1/12) or TCP (2/12). Laboratory blanks were all below the detection limits except for slight TCP contamination in one hand wipe (1/11), one dust (1/10), and one solid food (1/16) sample. The mean values for the field or laboratory blanks were at or below the method detection limit; therefore, no background correction was made. Duplicate samples (aliquots of the same sample) were analyzed for chlorpyrifos or TCP in dust, soil, solid food, liquid food, and urine (TCP only). The mean relative percent difference of the duplicate samples was less than 14% by matrix for the two pollutants. Analytical duplicates (repeat analysis of the same extract) were analyzed for chlorpyrifos and TCP in air, dust/soil, wipes, solid food, liquid food, and urine (TCP only). The mean relative percent difference of all analytical duplicates by matrix was less than 7% for each pollutant. The matrix spikes for chlorpyrifos had mean recoveries between 85% and 110% for all media. For TCP, mean recoveries for the matrix spikes were between 80% and 99% for all media, except liquid food with a mean recovery of 69%. The SRS for chlorpyrifos, p,p 0 -DDE-d 4, had mean recoveries between 73% and 100% for all media.
Estimating Potential Absorbed Doses by Route
The potential absorbed dose, expressed as ng/kg/day, was defined as the total dose that could be absorbed into the body over a 24-h period, relative to the subject's body weight. The aggregate potential absorbed dose (ng/kg/day) was defined as the sum of the estimated potential absorbed doses across all three-exposure routes. The potential absorbed dose of each child to chlorpyrifos and TCP was calculated separately for the inhalation, ingestion (dietary and indirect), and dermal routes of exposure.
The potential absorbed dose of each child by the inhalation route was calculated as
where E inh is the maximum potential absorbed dose (ng/kg/ day) of each child over a 24-h period at home and/or at day care, C di the concentration in the indoor air sample (ng/m 3 ) in the child's day care classroom, C do the concentration in the outdoor air sample (ng/m 3 ) at the child's day care center, C hi the concentration in the indoor air sample (ng/m 3 ) in the child's home, C ho the concentration in the outdoor air sample (ng/m 3 ) at the child's home (ng/m 3 ), C away the indoor air concentration in locations where the children spent time away from home or day care center (ng/m 3 ), t di the time spent indoors at the day care center (h), t do the time spent outdoors at the day care center (h), t hi the time spent indoors at home (h), t ho the time spent outdoors at home (h), t away the time spent indoors at locations other than at home or at day care (h), V the ventilation rate for a child (m 3 /d), W the body weight of the child (kg), and R the absorption rate of chlorpyrifos and TCP was assumed to be 50% in the lungs since no human data existed in the literature (Ross et al., 2001 ). In addition, the grammolecular weight ratio of TCP/CPF is 0.57, therefore, it was assumed that each 1.0 ng of CPF absorbed and metabolized produced 0.57 ng of TCP in the urine (Rigas et al., 2001 ). Since we did not measure the levels of chlorpyrifos and TCP in locations where the child spent time away from home or day care, we used the median indoor air concentrations of C di and C hi . Therefore for C away , the median indoor air concentrations for chlorpyrifos and TCP were estimated to be 6.07 and 1.77 ng/m 3 , respectively. It was assumed that the ventilation rate of a child less than 36 months of age was 6.8 m 3 /day and 36 months or older was 8.3 m 3 /day (EFH, 1995) .
The potential absorbed dose for the dietary route for each child was calculated as
where E diet is the maximum potential absorbed dose (ng/kg/ day) of each child over a 24-h period at home and/or day care, C dl the concentration in the liquid food sample (ng/ml) in the child's day care classroom, C ds the concentration in the solid food sample (ng/g) in the child's day care classroom, C hl the concentration in the liquid food sample (ng/ml) in the child's home, C hs the concentration in the solid food sample (ng/g) in the child's home, M dl the total volume (ml) of the liquid food (duplicate diet) sample collected in the child's day care classroom, M ds the total weight (g) of the solid food sample collected in the child's day care classroom, M hl the total volume (ml) of the liquid food (duplicate diet) sample collected in the child's home, M hs the total weight (g) of the solid food sample collected at the child's home, R the absorption rate, W the body weight of the child (kg), and N f the number of days that the food samples were collected for each child. It was assumed that 70% absorption of chlorpyrifos occurred in the gut and that each 1.0 ng of CPF absorbed and metabolized produced 0.57 ng of TCP in the urine (Nolan et al., 1984; Griffin et al., 1999; Ross et al., 2001; Cook and Shenoy, 2003) . Since no human data existed on the absorption of TCP (hydrophilic molecule) into the gut, we assumed a conservative default of 50% absorption (Ross et al., 2001 ). The potential absorbed dose for the indirect ingestion route was calculated for each child as
where E ind is the maximum potential absorbed dose (ng/kg/ day) of each child over a 24-h period at home and/or day care, D dd the concentration in the indoor floor dust sample (ng/g) in the child's day care classroom, D ds the concentration in the soil sample (ng/g) at the child's day care center, D hd the concentration in the indoor floor dust sample (ng/g) at the child's home, D hs the concentration in the soil sample (ng/g) at the child's home, t di the time spent indoors at the day care center (h), t do the time spent outdoors at the day care center (h), t hi the time spent indoors at home (h), t ho the time spent outdoors at home (h), M d the child's estimated daily dust ingestion rate (g/day), M s the child's estimated daily soil ingestion rate (g/day), R the absorption rate, and W the body weight of the child (kg). It was assumed that 50% absorption of chlorpyrifos and TCP occurred in the gut and that each 1.0 ng of CPF absorbed and metabolized produced 0.57 ng of TCP in the urine. The daily dust ingestion rates were calculated based on questionnaire responses related to specific activities of each child in the month prior to field sampling. These included activities such as pacifier use, teething, sucking/chewing thumbs, fingers, toes or foot, mouthing or licking floors, and frequency of placing toys or other objects into the mouth. The daily soil ingestion rates were calculated based on how often a child played with sand or dirt and whether a child ate dirt, sand, or snow in the month before field sampling. Based on these responses, each child was placed into a high, medium, or low category with a corresponding daily dust or soil ingestion rate of 0.100, 0.050, or 0.025 g/day.
The potential absorbed dose for the dermal route for each child was calculated as
where E der is the maximum potential absorbed dose (ng/kg/ day) through the skin of each child over a 24-h period at home and/or day care, C the mass of the chemical in the hand wipe sample (ng), A t the exposed skin surface area (cm 2 ) for each child based on their age and gender, A h the skin surface area of both hands of each child (cm 2 ), R the absorption rate, and W the body weight of the child (kg). Research has shown that only a small amount of chlorpyrifos (o3%) applied to the skin of human volunteers was absorbed (Nolan et al., 1984; Griffin et al., 1999) . Therefore, we assumed that chlorpyrifos and TCP have a low steadystate dermal absorption of B2% per day in humans and that each 1.0 ng of CPF absorbed and metabolized produced 0.57 ng of TCP in the urine. In addition, it was assumed that the exposed skin surface area for each child included their head, arms, hands, and legs, estimated to be about 60% of their total body surface area (EFH, 1995) .
Urinary TCP Excretion
The estimated excreted amount of TCP in urine by a child over a 24-h period was calculated as
where U exc is the daily excreted amount of TCP in urine (ng/ kg/day), C the urinary TCP concentration (ng/ml), and P the daily urine output was assumed to be 22 ml/kg/body weight for each child (Miller and Stapleton, 1989; Szabo and Fegyverneki, 1995; Wilson et al., 2003) .
Statistical Analysis
Sample results that were less than the MDL were replaced by the value of MDL divided by the square root of two, except for the liquid food results. For liquid food, the results below the MDL were replaced by the value of MDL divided by 10 because these two chemicals were barely detectable on the gas chromatographs. Descriptive statistics were calculated to characterize (e.g., measures of centrality and variability) the distribution of each media. Descriptive statistics consisting of the sample size, arithmetic mean, standard deviation, geometric mean, range, and percentiles (25th, 50th, 75th, 95th) were calculated for each matrix (except urine) at homes and day care centers using SAS version 8.0. Descriptive statistics are also provided for the urine data as unadjusted (ng/ml) and creatinine-adjusted (ng/mg) values for the preschool children overall and by environmental type. It is important to note that for the spot urine samples, we used the average urinary TCP concentration for each of these children for statistical analysis. We did not exclude any samples that were considered to have urine creatinine concentrations that were too low or high from our analysis, since creatinine correction of urine may not be a reliable adjustment measure for young children.
We used correlation coefficients to examine the relationship between the outcome variable (i.e., ln of the urinary TCP concentrations) and the independent variables (i.e., inhalation, ingestion, and dermal routes of exposure). In addition, we also examined the relationship between the independent variables to assess potential colinearity among these variables. A multivariate regression model was used to examine the relationship between the children's potential absorbed doses of chlorpyrifos and TCP by each route and the TCP in urine. Since the distribution of urinary TCP concentrations was not normal, we examined several transformations to approximate a normal distribution and selected the best transformation, a natural logarithm. The dependent variable for the regression model was the natural logarithm of the urinary TCP concentration, and the independent variables were the inhalation, ingestion (dietary and indirect), and dermal routes of exposure for chlorpyrifos and TCP. Multivariate analysis was conducted using the step-wise backward elimination procedures found in the PROC REG procedure in SAS version 8.0. We used a manual step-by-step approach, which allowed us to examine simultaneously the level of significance and the impact of the variable being removed on the overall model (i.e., r 2 ). It ensured that the level of significance was not the only criterion for inclusion or exclusion of the variables, but that the magnitude of the change in r 2 -value was considered. If the r 2 -value changed by 20% or more, the variables were retained in the model regardless of the statistical significance. Only the children in the home group had a complete set of data for both chlorpyrifos and TCP in the hand wipe samples used to estimate the dermal exposure; therefore, we only used the home group in the multivariate regression model.
Results
A total of 129 children successfully completed the study. Of these, the home group and the day care group consisted of 66 and 63 children, respectively. The distributions of chlorpyrifos and TCP measured in multiple media at homes and day care centers are given in Tables 1 and 2 . Low levels of chlorpyrifos and TCP were found in all environmental media. Generally, levels of chlorpyrifos were higher than levels of TCP in all media, except in the solid food samples. Geometric mean. c The mean and standard deviation (N/A) were not measured for media that had less than 50% detects for a matrix. The oMDL value was assigned to samples that were below the detection limit for a percentile. e One day care classroom did not have carpeting, therefore, an indoor floor dust sample was replaced by a hard floor surface wipe sample.
In these samples, median TCP concentrations were 12 and 29 times higher than chlorpyrifos concentrations in solid food samples at homes and day care centers, respectively. These results suggest that the children could be potentially exposed to chlorpyrifos and TCP from several sources and through multiple routes at homes and day care centers.
During this study, participants were still able to purchase and apply chlorpyrifos in and around dwellings for insect control. A total of seven participants reported that they had used a product containing chlorpyrifos in the past 17 months at their homes or day care centers. Five of them applied it outside (foundations, perimeter) their homes and one applied it in a bedroom; these applications occurred 2-17 months before field sampling. Only one day care center reported having a product containing chlorpyrifos sprayed about twice a year by a commercial contractor around the baseboards in the entire building. The most recent application of this insecticide occurred about 2 months before field sampling. In addition, there was one recent pesticide application by a homeowner who applied a product containing chlorpyrifos to the lawn 4 days before field sampling. Therefore, fewer than 6% of the participants reported past applications of this insecticide at these locations. This information suggested that the past use patterns of chlorpyrifos were underreported by the participants. In some cases, chlorpyrifos may have been used as a termiticide around the foundations of these structures. Until recently, about 5 million pounds of chlorpyrifos were used annually for termite control at dwellings (USEPA, 2003) . In other cases, the participants were likely not aware that they had applied products containing chlorpyrifos at these locations to control for insect pests. Table 3 shows the urinary TCP concentrations over the 48-h period for the preschool children overall and by environmental type. The median unadjusted urinary TCP concentrations ranged from 5.2 to 5.3 ng/ml for the preschool children. For creatinine-adjusted values, the median urinary TCP concentrations ranged from 7.2 to 7.6 ng/mg creatinine for the three groups. It is important to note that creatinine correction of urine may not be a reliable adjustment measure since some researchers have found variable creatinine concentrations, particularly seasonal variation, in the urine of young children (O'Rourke et al., 2000) .
The potential aggregate doses of preschool children overall and by environmental type in Table 4 . The median potential aggregate doses for the preschool children overall was 3 and 38 ng/kg/day for chlorpyrifos and TCP, respectively. The primary route of exposure of these preschool children to chlorpyrifos was dietary intake, followed by inhalation, for all strata. For TCP, the primary route of exposure, by far, was dietary intake for all strata. Solid food rather than liquid food was the primary contributor to the levels of chlorpyrifos and TCP via the ingestion route. The results suggested that the children were potentially exposed to greater levels of TCP, particularly through the dietary route, than to chlorpyrifos from all routes combined. In addition, Table 4 presents the excreted amounts of urinary TCP for the Geometric mean. c The mean and standard deviation (N/A) were not measured for media that had less than 50% detects for a matrix. The oMDL value was assigned to samples that were below the detection limit for a percentile. e One day care classroom did not have carpeting, therefore, an indoor floor dust sample was replaced by a hard floor surface wipe sample.
Exposures of preschool children to chlorpyrifospreschool children overall and by environmental type. The median amount of TCP excreted in the children's urine overall was estimated to be 117 ng/kg/day, and the maximum value for one child was estimated to be 2281 ng/kg/day. Based on this median value, the results indicate that we still have not accounted for over 60% of the excreted amount of TCP found in the children's urine (Figure 1) .
Pearson correlations of chlorpyrifos and TCP by route for the home group are given in Table 5 . The results showed that excreted amounts of urinary TCP were highly correlated with potential inhalation doses of chlorpyrifos (r ¼ 0.47, Po0.01), potential inhalation doses of TCP (r ¼ 0.44, Po0.01), and potential dermal doses of chlorpyrifos (r ¼ 0.37, Po0.01). In addition, there was a highly significant and strong positive relationship between the potential inhalation doses of chlorpyrifos and TCP (r ¼ 0.96, Po0.01) as well as the potential dermal doses of chlorpyrifos and TCP (r ¼ 0.83, Po0.01).
The results of our full regression model showed an r 2 ¼ 0.23, which indicated that approximately 23% of the variability of the urinary TCP concentrations was explained by the three routes of exposure to chlorpyrifos and TCP. As a result of the step-wise regression, our final reduced model showed that only chlorpyrifos by the inhalation route stayed in the model. The model indicated that chlorpyrifos through the inhalation route explained 22% of the variability of TCP in the children's urine. This could have occurred if chlorpyrifos absorbed through the inhalation route accounted for a substantial portion of TCP in the urine. However, the results of our potential absorbed dose calculations showed that inhalation of chlorpyrifos accounted for less than 2% of the potential aggregate absorbed dose and that the primary route of exposure was through dietary ingestion of TCP. In contrast, although dietary ingestion of TCP would account for about 30% of the TCP in urine if absorbed effectively, there was no correlation between this parameter and urinary TCP concentrations (Figure 2 ). This suggests that TCP may be poorly absorbed in the gut or was being metabolized to other products in the body.
Discussion
Very few studies have been conducted that have measured pesticides and their degradation products in media, particularly when using them as biomarkers of exposure (Chuang et al., 1999; Wilson et al., 2003) . Wilson et al. (2003) conducted a study in which TCP was detected in three different types of media including indoor floor dust, liquid food, and solid food samples at nine homes and two day care centers. Our results showed that chlorpyrifos and TCP were detectable at 129 homes and 13 day care centers in at least seven different types of media including indoor air, outdoor air, soil, indoor floor dust, hand wipes, liquid food, and solid food samples. Therefore, children could be potentially exposed to chlorpyrifos and TCP through several sources at homes and day care centers. Future human exposure studies should be designed to measure both pesticides and their primary degradation products in media, particularly when using them as biomarkers of exposure.
It was surprising to find that median levels of TCP compared to chlorpyrifos were at least 12 and 29 times higher in the solid food samples at homes and day care centers. It appears that agricultural uses of both chlorpyrifos and chlorpyrifos-methyl could have contributed to the levels of TCP found in the solid food samples (FDA, 2000) . Until recently, over 20 million pounds of chlorpyrifos was used annually in the United States (USEPA, 2000c; USEPA, 2003) . About 50% of it was used in agricultural settings to control insect pests on over 40 different types of crops such as fruits, vegetables, and nuts (USEPA, 2003) . About 80,000 pounds of chlorpyrifos-methyl was used annually to control for insect pests either directly on grains (e.g. oats, rice, and wheat) or in empty storage bins holding grains (USEPA, Geometric mean. c The oMDL value was assigned to samples that were below the detection limit or a percentile.
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). In addition, the FDA's Total Diet Study of 1999 showed that both chlorpyrifos and chlorpyrifos-methyl were among the top six (11%) pesticides that were detected in four market baskets (FDA, 2000) . Wilson et al. (2003) recently reported that TCP intake through dietary ingestion was sufficient to produce the excreted levels of urinary TCP in nine preschool children. The mean TCP concentrations in the solid food samples at Geometric mean. c The oMDL value was assigned to samples that were below the detection limit or a percentile.
Exposures of preschool children to chlorpyrifosthese homes and day care centers were reported to be 20 and 16 ng/g, respectively. In the CTEPP study, the mean TCP concentrations in the solid food samples were 3.1 and 3.8 ng/ g at homes and day care centers, respectively. This appeared to be the reason why our study had substantially lower potential absorbed doses of TCP through the dietary route. In addition, this has indicated the importance of having larger sample sizes when estimating the aggregate potential absorbed doses of preschool children to pollutants in their environments.
Data are currently lacking on the absorption, metabolism, half-life, and elimination as well as the potential toxicity of TCP in humans or animals. In addition, few data exist on the possible adverse effects of TCP in exposed animals or their offspring. Hanley et al. (2000) recently showed that adult Fisher 344 rats administered up to 150 mg TCP/kg/day by oral gavage for 15 days did not have any fetotoxic or teratogenic effects occurring to their offspring. This same study revealed that adult New Zealand White rabbits administered up to 250 mg TCP/kg/day by oral gavage for 19 days did not have any developmental effects occurring to their offspring. More research is needed to understand the toxicokinetics and toxicodynamics of TCP and other metabolites of pesticides in animals and humans.
The potential absorbed doses of chlorpyrifos calculated for these preschool children were primarily through the dietary route, followed by the inhalation route. For TCP, the primary potential absorbed dose calculated for these children was through the dietary route. On average, we were only able to account for about 30% of the urinary TCP concentrations through the calculated pathways. The results of our multivariate regression model showed that the potential absorbed dose of chlorpyrifos through inhalation was the only parameter that was statistically significant. This parameter explained 22% of the variability in the urinary TCP concentrations although we calculated it to account for less than 2% of the potential absorbed dose. These results suggested that we have still not accounted for all of the important pathways of potential exposure and absorbed dose for chlorpyrifos and TCP. It also suggested that some other factors were likely associated with the inhalation absorbed dose calculation. As an example, inhalation exposure was directly related to indoor air concentration (Eq. 1). For a semivolatile pesticide such as chlorpyrifos, indoor air concentrations should also be related to surface concentrations which in turn could lead to dermal and indirect ingestion exposures. Under these conditions, the inhalation dose parameter could potentially be an indicator of indirect ingestion exposure. In the CTEPP study, we collected surface wipe samples only from homes (n ¼ 18) that had recent pesticide applications; therefore, we were not able to account for children's contacts with contaminated surfaces that would result in indirect ingestion exposures by hand-to-mouth and object-to-mouth activities. The strong correlations between calculated inhalation and dermal exposure and between dermal exposure and urinary TCP concentrations shown in Table 5 suggested that this was a plausible reason why some of the urinary TCP concentrations were not accounted for by our calculations. Results from the Minnesota Children's Pesticide Exposure Study (MNCPES) also showed relatively strong correlations between urinary TCP concentrations and both personal air concentrations (0.42, Spearman rank) and estimated inhalation exposure (0.42, Spearman rank) suggesting that our results were not unique . Based on these results, it is important to develop better measurement methods and data that will allow more accurate estimates of potential absorbed doses through the dermal and indirect ingestion routes of exposure.
In conclusion, this study showed that TCP was measurable in several media and that these preschool children could be potentially exposed to chlorpyrifos and TCP through several pathways and routes. TCP may not be a reliable biomarker of exposure in children exposed to low levels of chlorpyrifos in their everyday environments. This research was important because urinary metabolites of other pesticides used as biomarkers of exposure may also be measurable in environmental media.
